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Dynamics of Ions of Intact Proteins in the
Orbitrap Mass Analyzer
Alexander Makarov and Eduard Denisov
Thermo Fisher Scientific, Bremen, Germany
While allowing analysis of intact proteins without a theoretical upper mass limit, the Orbitrap
mass analyzer demonstrates reduced resolving power as ion mass increases even at a constant
mass-to-charge ratio. It is shown that this effect comes from the effects of ion scattering on
background gas molecules. The main mechanisms causing decay of acquired transient appear
to be fragmentation as well as accelerated dephasing of ion packets. Isotopic resolution of
proteins including bovine serum albumin (MW 66.4 kDa) and transferrin (MW 78 kDa) has
also been demonstrated. As a part of this study, detection of individual multiply-charged ions
of myoglobin (MW 16.9 kDa) has been demonstrated. Quantized distribution of signal
intensities for 20 myoglobin ions well above the noise threshold was observed, with high
mass accuracy and resolution of recorded individual ions used as an independent confirma-
tion of correct assignment of signal to ions rather than to noise. The latter also allowed us to
benchmark the sensitivity of image-current detection and explore in detail factors responsible
for signal decay. (J Am Soc Mass Spectrom 2009, 20, 1486–1495) © 2009 Published by Elsevier
Inc. on behalf of American Society for Mass SpectrometryFourier transform mass spectrometry (FTMS) [1] of-fers several advantages for the analysis of biologicalsamples, including high mass resolution, high mass
accuracy, high sensitivity, and wide mass range. At a first
glance, very high resolving power typical for FTMS, in
excess of 105–106, in combination with high charge state
characteristic for electrospray ionization (ESI) promises an
easy methodology for resolving isotopic structure even for
heavier proteins. In reality, issues of sample preparation
and separation, space charge limitations, splitting of signal
into a multitude of isotopes and isoforms, scattering on
residual gas, and other practical limitations make such
analysis of intact proteins a non-trivial task. For example,
in FT ICR mass spectrometry the heaviest protein resolved
so far with unit (isotopic) resolution has a molecular mass
of ca. 115 kDa (truncated cardiac myosin binding protein
C, cMyBP-C [2].
Another member of the FTMS family, the Orbitrap
mass analyzer, provides m/z-independent trapping con-
ditions and thus in theory allows analysis of intact
proteins without upper mass limit. Application of this
analyzer to mass measurement of intact proteins is
exemplified in [3, 4]. However, its application to resolv-
ing isotopic distributions has only been shown on
routine basis for small proteins up to around 30 kDa [5].
This work is devoted to investigations of reasons for
such a limitation and exploration of possible ways to
extend this upper mass limit.
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Transients of Protein Ions in the Orbitrap Mass
Analyzer
As previously demonstrated in [6], time domain signals
from multiply-charged biopolymer ions exhibit charac-
teristic and predictable beat patterns due to the phase
relationship and constructive/destructive nature of the
interference between the signals arising from various
isotope and charge state populations. Useful frequency
information in these time domain signals is extracted
only from equally spaced “beats” while time span
between these beats is essentially lost for signal acqui-
sition. The physical reason for this is the fact that
between beats the ion ensemble is widely dispersed due
to slightly different frequencies of packets within the
isotopic envelope and thus produces no net signal at the
detection electrodes.
Following [6], let us consider isotopic beat patterns
for the particular case of the Orbitrap mass analyzer
and start from the general equation for the frequency of
axial oscillations in this analyzer:
f
1
2 e(m ⁄ z) · k (1)
where e is the elementary charge (1.602  1019 C) and k
is a characteristic constant of the field. We can estimate the
frequency splitting between adjacent isotope peaks by
subtracting frequencies of mass peaks with mass numbers
M and (M  M) and the same charge state z:
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1
2 e((MM)m0 ⁄ z) · k

1
2 e(Mm0 ⁄ z) · k  f2 · MM (2)
where frequency f is calculated for mass number M and
we have used an approximation:
 MMM 1 M2 ·M (3)
For isotopic peaks separated by one atomic mass unit
(1.003 u is typical for proteins and peptides), eq 2 could
be further simplified to:
f1
f
2
·
1
M
(4)
According to [6], this makes it possible to estimate the
period of beat patterns:
ti 1 ⁄ |f1|
2M
f
(5)
i.e., it grows as M3/2/z1/2. For a commercial LTQ
Orbitrap instrument, eq 5 could be rewritten as:
ti(s) 2.9 · 107 · [M(Da)]3 ⁄ 2 ⁄ z1 ⁄ 2
Equation 2 can also be used to link the characteristic
width of beats in time domain [6] with the width of the
isotope distribution Mw:
tw 1 ⁄ |f|
2 ·K
f
·
M
Mw
(6)
where K is a constant of order of magnitude near unity,
whose exact value depends on the functional form of
the envelope of the isotope distribution and the partic-
ular criteria used to define peak widths.
To resolve isotope peaks within a single charge state,
a minimum of two isotopic beats must be observed [6].
Coherence of ion packets in the Orbitrap analyzer is
provided by injecting them as short packets at an axial
coordinate near the turning point. This also means that
they all start oscillating at about the same phase that
results in their constructive interference and therefore
transient appears to start from the maximum of the first
beat. Thus, the minimum length of acquisition required
to acquire two beats and achieve even relatively poor
resolution of the isotopes, can be estimated as (ti
tw). For proteins with mass of several tens kDa and
typical experimental parameters, this value lies in the
range from few hundreds of ms to 1 s.Decay of Transients of Protein Ions in the
Orbitrap Mass Analyzer
In Orbitrap-based mass spectrometers, ions are charac-
terized by much higher values of kinetic energy (1.5 to
3.6 keV/charge) which, unlike those in FT ICR instru-
ments, are also independent of mass-to-charge ratio
m/z. This typically results in higher center-of-mass
collision energies and hence much faster signal decay
than in FT ICR at comparable residual gas pressures. As
a result, the amplitude of beats is also decreasing with
time. The evolution of a transient envelope with time
for a particular m/z can be described by a general
formula:
A(t)A0 ·C(t) · S(t) (7)
where A0 corresponds to the intensity at t  0 (roughly
equal to the amplitude of the first bit), C(t) is the term
describing loss of ions of that m/z in collisions (frag-
menting collisions) and S(t) is the term describing
reduction of signal caused by all other effects such as:
1. Dephasing of ion packet due to manufacturing
imperfections.
2. Dephasing of ion packet due to scattering on non-
fragmenting collisions.
3. Reduction of radial and axial amplitudes of oscilla-
tions due to nonfragmenting collisions (friction).
The first effect, dephasing caused by manufacturing
imperfections, is typically not important for unscattered
protein ions but becomes troublesome when combined
with the third effect. If protein ions lose so much energy
that they descend into an orbit very near the central
electrode (e.g., 1–2 mm away), short-range fields of
local manufacturing imperfections will accelerate
dephasing greatly. In addition, the central electrode
would absorb a rapidly increasing share of the image
current, thus further reducing the detected signal. This
would result in disappearance of the detected signal
even though ions are still physically present. A similar
effect could be caused by the second effect, which is
always combined with the third one.
Loss of ions in collisions with background gas is a
strictly statistical process and therefore could be de-
scribed as [7]:
C(t) exp(c · t) (8)
where c is a constant linked to the collision cross-section
coll, concentration of background gas n and relative
velocity v:
c n ·coll ·  (9)
At high ion energies typical for the Orbitrap analyzer,
the relative velocity v is approximately equal to the ion
speed. Therefore,
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where zeV is the final ion energy inside the trap.
Term S(t) in eq 7 cannot be expected a priori to
follow an exponential law. However, extensive analyses
of transients for various protein ions (such as those in
Figure 1) have shown that the formula 7 is well approx-
imated by an exponential law:
A(t)A0 exp( · t) (11)
where  is a constant,   c  s with s coming from the
resulting approximation:
S(t) exp(s · t) (12)
While constant  could be easily deduced from experi-
mental transients, it would be very difficult to deduce
each of the constants c and s. However, they can be
approximately estimated if we eliminate effects linked
to the dephasing of ion packets. This can be achieved by
acquiring transients not from packets containing multi-
0 1000 2000 3000t, ms 
 Myo +16
0 1000 2000 3000t, ms
Myo +22 
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(c)
Figure 1. Examples of transients for different ch
(b) 20, (c) 22). Transient (a) results in a mass
for this charge state.ple ions but from individual ions [8]. This became the
motivation for the second part of this work: detection of
individual ions using Orbitrap analyzer.
Constant  is linked to the decay constant 	 of
transient (i.e., time duration over which transient am-
plitude decays by e times) as  1/	. Similarly to (9–10),
this experimentally measured 	 could be used to calcu-
late the decay length L 1/n directly linked to the total
cross-section  of an ion:
L
1
n
 · 	 2eV(m ⁄ z) · 	 (13)
To resolve the isotopic envelope of proteins, the Orbi-
trap vacuum must be improved to such an extent that
constant  is long enough to acquire two or more beats.
In addition, the fragmentation of protein ions must be
avoided throughout their entire path towards the Orbi-
trap analyzer.
Experimental
Using a standard LTQ Orbitrap XL mass spectrometer
[5, 9] as a test-bed, higher power bake-out heaters were
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dard 110 °C to 180 °C. This allowed pressure in the
Orbitrap compartment to be reduced below 1010 mbar
level following just a 12-h bake-out after venting and
ultimately down to 5 1011 mbar. This ultimate pres-
sure remained then at that level until the next venting of
the instrument. A standard preamplifier and electronics
were used.
To reduce protein fragmentation near the exit of the
C-trap as well as gas flow to the Orbitrap compartment,
the gas line to HCD cell was blocked. Background gas
in the linear trap compartment consisted of helium from
the linear trap (partial uncorrected pressure 105 mbar
as indicated by hot-cathode ion gauge), nitrogen from
the C-trap (partial pressure 0.4  105 mbar) and
nitrogen flowing from the electrospray source (partial
pressure 0.25  105 mbar). Nitrogen from the C-trap
was the main outside contributor to the background gas
in the Orbitrap compartment. Its partial pressure was
around 1  10-11 mbar as measured by a cold-cathode
ion gauge near 300 L/s turbopump. Using residual gas
analyzer QMG 220 M3 (Pfeiffer, Asslar, Germany), it
was found that the remaining background gas in the
vacuum chamber was hydrogen, presumably diffusing
through the stainless steel walls of the vacuum cham-
ber. Nevertheless, gas in the immediate vicinity and
inside the Orbitrap is expected to be mainly nitrogen at
En +24 
0 1000 2000 3000t, ms 
En +31 
0 1000 2000 3000t, ms 
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Figure 2. Examples of transients for different
31). Transient (a) results in a mass spectrum
charge state.pressures at least 3–4 times higher than the indicated
above.
The instrument was calibrated using the standard
LTQ calibration mixture with caffeine, peptide MRFA,
and Ultramark 1600 dissolved in 25:25:49:1 vol.vol
water/methanol/acetonitrile/acetic acid solution. Pro-
teins such as horse heart myoglobin (16.9 kDa), carbonic
anhydrase (29 kDa), yeast enolase (46.6 kDa), bovine
serum albumin (66 kDa), and bovine apo-transferrin (78
kDa) were obtained from Sigma-Aldrich Chemie
GmbH (Munich, Germany) and used without further
purification. Protein solutions were infused in a static
mode using the IonMax electrospray source, with a charge
state selected by the LTQ mass spectrometer, until a
predefined number of ions was reached. The resulting ion
population was transferred into the nitrogen-filled
C-trap, trapped, and then ejected towards the entrance
aperture of the Orbitrap. An acquisition time of 3 s was
used for detection of protein transients. It is important
to note that all experiments were carried out with
external calibration.
Unless stated otherwise, Fourier transform of tran-
sients was performed using a single zero-filling and
Kaiser-Bessel apodization, with the frequency spectrum
converted into a mass spectrum using a two-point
calibration. Mass spectral data were stored in full-
profile or reduced-profile format and processed with
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only a few beats in transients were observed.
Results and Discussion
Reduction of background pressure inside the Orbitrap
compartment has indeed enabled drastic deceleration of
signal decay and significantly extended the limit for the
highest-mass isotopically-resolved proteins. Examples
of transients for some proteins as well as corresponding
isotopic distributions are presented in Figures 1–3.
Figure 3 shows isotopic distributions for BSA (66.4
kDa) and transferrin (78 kDa), so far the heaviest
proteins isotopically resolved using the Orbitrap mass
analyzer.
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997.26929
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Figure 3. Examples of transients for 34 charg
state of transferrin (c) together with resulting m
was employed with Fourier transform.A comparison of the transients for different charge
states of myoglobin in Figure 1 and enolase in Figure 2
immediately uncovers substantial differences in their
decay times. This effect is summarized for different
proteins in Table 1 for final average kinetic energy of
about 1500 V per charge.
Several observations can be made from this table.
First, there is a monotonous and quite steep increase of
the cross-section as charge state increases. This increase
is typically steeper than the increase of cross-sections
previously observed in ion mobility experiments, e.g.,
for myoglobin ions [10, 11]. Therefore, the main reason
for the additional growth of measured cross-section is
likely to be the increase of center-of-mass collision
energy (proportional to (m/z)/mg, where mg is the mass
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into the protein ion. It can also be observed that the
cross-section is not a monotonous function of M even for
a similar m/z of different proteins. This might originate
Figure 4. Examples of spectra of individual ion
with the same m/z as (2), and (f) denotes a sing
Table 1. Overview of experimentally estimated transient decay tim
Protein M, kDa z Avg m
Myoglobin 16.9 16 1060
20 848
22 771
Carbonic anhydrase 29 20 1452
24 1210
26 1117
Enolase 46.6 24 1945
27 1729
31 1506
BSA 66.4 34 1954
Transferrin 78 40 1951transient. Dashed line indicates S/N  1 as determinfrom the difference in conformation-dependant dissoci-
ation thresholds.
Unfortunately, there is no current provision to mea-
sure pressure inside the Orbitrap analyzer directly,
gle ions are denoted as (1), two individual ions
n that is likely to have fragmented during the
corresponding decay length L and relative total cross-section 
	, s L, m Rel. total cross-section
0.82 1.4E  04 0.85
0.62 1.2E  04 1
0.48 9.5E  03 1.23
0.65 9.3E  03 1.25
0.49 7.7E  03 1.51
0.48 7.9E  03 1.48
0.62 7.7E  03 1.51
0.51 6.7E  03 1.74
0.37 5.2E  03 2.23
0.42 5.2E  03 2.24
0.44 5.5E  03 2.14s. Sin
le ioe T,
/z
.4
.6
.5
.2
.4
.4
.6
.5
.5
.8ed by Xcalibur.
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made for the concentration n of collision gas. These
estimations result in cross-section values that are com-
parable to those in [10] but significantly greater than in
[12]. For this reason, Table 1 contains only cross-
sections relative to the 20 myoglobin protein ion that
allows exclusion of this uncertainty and limits the error
to about 5% to 10%. This approach can generally be
used to investigate conformation-related differences in
protein cross-sections.
An attempt was also made to estimate the effects linked
to the de-phasing of ion packets (i.e., approximately esti-
mate constants c and s in eq 8 and eq 12). This was
achieved by detecting individual ions of 20 charge state
of myoglobin as shown in Figure 4. The 20 charge state
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Figure 5. Distribution of detected peaks on
isotopomers of myoglobin 20 and on S/N for
60,000); (b) acquisition time 1.52 s (nominal reso
tion are indicated by ellipses.was isolated in the linear trap and then transferred via the
C-trap into the Orbitrap mass analyzer. After acquiring a
conventional spectrum for packets of 10,000 ions as a
reference, ion filling time was reduced until only 1 to 2
individual 20 ions per spectrum were delivered to the
Orbitrap. Spectra were acquired at nominal resolving
powers 60,000 (46,000 at m/z 848 of20 charge state, 0.76 s
acquisition time) and 100,000 (92,000 at m/z 848 of 20
charge state, 1.52 s acquisition time). The noise band was
automatically calculated by Xcalibur for the thermal noise
of the pre-amplifier and corresponded to 5–6 r.m.s.
deviations of this noise. Peaks at S/N 1 or below are not
detected as peaks.
Detection of individual ions can only be proven if the
intensity of peaks in Figure 4 follows a quantized
015
ror, ppm
015
or, ppm
r mass difference relatively to their nearest
quisition time 0.76 s (nominal resolving power
power 100,000). Areas of high peak concentra-s er
s err
thei
(a) ac
lving
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should change in quantum steps as 1, 2, 3, etc. [8].
Analysis of thousands of spectra not only confirmed
such quantization, but also allowed grouping of de-
tected ions according to the error of measured m/z
relative to the nearest isotopic peak of myoglobin
(Figure 5). In this case low mass error and appropriate
resolving power (around 46,000 and 92,000 for 0.76 and
1.52 s acquisitions, respectively) independently prove
that the detected signal indeed came from an ion that
survived until the end of the acquisition. Figure 5a
shows clearly three consecutive equidistant “islands”
with progressively lower ion populations as well as a
background that is almost uniformly distributed along
m/z axis, mostly below S/N  2.5. These islands (espe-
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Figure 6. The graph shows the frequency of
(histogram) for bins of 0.2 width for (a) acquisitio
time 1.52 s, around 5400 peaks total. Note the inc
increased loss of individual ions.cially the first one) are clearly visible also on a histo-
gram presented in Figure 6a and allow to calculate
average signal-to-noise ratio S/N at which a single ion
or simultaneously injected 2 to 3 ions of the same m/z
could be measured. For example, a single 20 ion is
measured in 0.76 s acquisition with S/N  3.6  0.4
(r.m.s.), for double-S/N  7.2  0.4 (r.m.s.), for triple-
S/N  10.5  0.4 (r.m.s.). In a 1.52 s acquisition, the
signal of surviving ions was found to remain practically
unchanged while noise band decreased as a square-root
of acquisition time, i.e., by a factor of 21/2 (Figure 5b). As a
result, for a single 20 ion we have measured S/N 
5.1  0.4 (r.m.s.), for double-S/N  10.2  0.5 (r.m.s.),
for triple-S/N  15.3  0.9 (r.m.s.). The increased
diffuse background in Figure 5b clearly demonstrates a
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of the transient, progressively reducing for two or more
ions of the same m/z simultaneously injected in the trap.
It is interesting to note that even single ions with S/N
3–5 exhibit r.m.s. spread of measured m/z below 3 ppm
and it drops to 1–1.7 ppm for S/N  7 (systematic shift
of 2 ppm is just the result of external calibration). This
fits with observations from [13].
These data prove that the full noise band of a
standard Orbitrap preamplifier for a 0.76 s acquisition is
equivalent to about five to six elementary charges,
whilst the full noise band for a 1.5 s acquisition is
equivalent to about four elementary charges! This
brings image current detection much closer to the
single-charge detection than previously commonly be-
lieved by mass spectrometrists. This also fits with the
r.m.s. noise figure of 0.8–1 nV/Hz1/2 quoted by the
supplier of field-emission transistors for the standard
Orbitrap pre-amplifier.
The peaks outside of the “islands” in Figure 5
typically exhibit lower resolution, indicating premature
disappearance of corresponding individual ions from
the entire 1 Da window. These ions are expected to be
lost due to fragmentation and therefore they can be
used to estimate the corresponding signal decay pro-
cess. By choosing a diffuse band of S/N above 1 but
clearly below the first peak on Figure 6 (e.g., S/N range
from 1.2 to 2.6 in Figure 6a and 1.2 to 4 in Figure 6b), we
can relate the number of counts in this diffuse band to
the total number of surviving ions within 2 r.m.s.
from the mean value for the first peak. It should be
noted that this proportion could serve only as an upper
estimation of lost ions as some counts, especially at S/N
1.2 or below, could be just rare outliers of electronic
noise. Assuming approximate proportionality of de-
tected signal from “lost” ions to their lifetime in the
trap, we can estimate the start and the end of the time
interval when an ion should fragment to be registered
in this diffuse band. The numerical solution of eq 8 then
yields c 	 0.65-0.72 s1 (the lower value for Figure 6b
and the higher for 6a). This corresponds to the decay
constant due to fragmentation of 1/c 1.35–1.55 s. This,
in turn, differs significantly from 	 	 0.62 s in Table 1
and allows for the estimation of s in eq 12 as s 	
0.9–0.97 s1 and the corresponding decay constant due
to dephasing as 1/s  1–1.1 s. Therefore we conclude
that loss due to fragmentation is responsible for tran-
sient decay to approximately the same extent as scat-
tering and dephasing together and none of the factors
dominate absolutely.
A detailed comparison of absolute signal amplitudes
for surviving single ions in 0.76 and 1.52 s acquisitions
also reveals no difference within the experimental error
of measurement. This means that reduction of radial
and axial amplitudes of oscillations due to nonfrag-
menting collisions (friction) is negligible, thus only
fragmentation and dephasing are responsible for signal
decay. Unspecific low-intensity fragments observed
both for individual ions and for ion packets are de-scribed in Supplemental Information, which can be
found in the electronic version of this article.
Conclusions
After a good residual vacuum is established, the Orbi-
trap analyzer can then be used for analysis of intact
proteins of small to medium size with isotopic resolu-
tion. The ability to select a protein charge state in the
linear trap opens the possibility to investigate decay
curves for proteins of each charge state separately and
therefore calculate relative cross-sections. Deviations in
protein cross-sections for a given m/z are expected to
reflect conformational information and form a subject of
future research.
The possibility of achieving individual ion detection
in the Orbitrap mass analyzer was proven by observing
the quantized distribution of signal intensities for 20
myoglobin ions well above the noise threshold, with
high mass accuracy and resolution of recorded individ-
ual ions being used as independent confirmation of
correct assignment of signal to ions rather than to noise.
These experiments demonstrated that the measured
decay of transients for protein ions is a consequence of
two major factors of approximately equal importance:
loss of ions in fragmenting collisions and dephasing of
ion packets due to scattering. Change of ion orbits due
to friction was shown to be negligible.
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